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oronary angiography provides a lumenogram of the coronaries and has been the gold standard for diagnosing coronary artery disease for >5 decades. However, percent diameter stenosis, the universal anatomic metric for defining the significance of a coronary lesion, does not correlate well with physiological indices of myocardial ischemia. Fractional flow reserve (FFR) is approximated by invasive measurement of aortic and distal coronary pressures during hyperemia, providing functional assessment of stenosis severity, and is currently considered as the gold standard for detecting coronary lesions that would benefit from revascularization. FFR-guided percutaneous revascularization improves patient outcomes, reduces stent implantations, and is cost-effective. 1, 2 Nonetheless, FFR is underused in routine clinical practice for diagnostic purposes and guidance of percutaneous coronary intervention. 3 The reason for the low adoption rate of FFR primarily lies in the fact that it is even more invasive than coronary angiography. There are risks associated with the intracoronary manipulation of the pressure wire as well as the administration of vasodilators and heparin, while the additional time and cost needed for the procedure may be considerable especially when there are complex coronary anatomies, multivessel interrogation, and issues with pressure wire drift. Because the implications of a positive FFR are that percutaneous coronary intervention should be performed, logistic issues in time management in the catheterization laboratory and the preference not to perform ad hoc percutaneous coronary interventions without previous planning and patient counseling may also pose a problem for routine patient evaluation.
THE ADVENT OF FUNCTIONAL ANGIOGRAPHY
The notion of adding a functional component to angiography by using a computer-simulated index is, therefore, attractive. The main steps for such a virtual (in silico) component include the reconstruction of a 3-dimensional (3D) model of the coronary artery and the computation of blood flow and pressure distribution in this model by application of appropriate physical laws (fluid mechanics) and physiological assumptions. In that case, the interventionist would not need to prepare for coronary instrumentation passing the pressure wire in the artery, and to infuse adenosine, but instead an FFR-equivalent color-coded coronary artery map would be made available.
Computed tomographic (CT) images, which can provide the 3D geometry of the coronary tree, were initially used for the computation of FFR, and the first validation study of the FFR-CT against invasive FFR was published in 2011, with 8 (virtual functional assessment index; n=120 patients) in 2014. Further studies sharing some methodological similarities with the early ones were also published in 2016 in rather small patient populations (<100 patients), including the FAVOR pilot study (Functional Assessment by Various Flow Reconstructions) which presented the so-called quantitative flow ratio gaining Conformité Européenne mark certification in early 2017. 9 And so, we have lately entered a growing era of larger patient studies (>300 patients) with the FAVOR II China and EuropeJapan studies, which investigated the performance regarding the online quantitative flow ratio application. 10, 11 In this issue of Circulation, Fearon et al 12 report on the accuracy of the on-site FFR computation derived from routine coronary angiography ("FFRangio" tool) in 301 patients (319 vessels) recruited in 10 centers in the United States, Europe, and Israel. The diagnostic accuracy against FFR reached the impressive level of 92.2% (both sensitivity and specificity >90%), comparing similarly or even favorably against the 92.7% and 86.7% equivalent in the FAVOR II China and Europe-Japan studies, 10, 11 respectively. A distinct novel feature of FFRangio, which may contribute to the high performance, lies in the first main step for deriving the virtual FFR indices (ie, that of coronary anatomy). FFRangio allows the simulation of FFR in the entire coronary tree, taking into account the major side branches whereas all previous angiography-based FFR methods only considered and presented the computation along a single artery. This approach mimics the roadmap provided by FFR-CT, but now with the superior performance and resolution of invasive angiography compared with CT. Nonetheless, we need to acknowledge that the spatial resolution of angiography remains suboptimal when compared with intravascular imaging, and the approximations applied during 3D reconstruction from angiography, as in the case of FFRangio, also impose restrictions regarding the shape of the lumen (ie, circular versus an elliptical or eccentric morphology, which would be more realistic).
THE BLACK BOX OF CORONARY FLOW MODELING
Beyond the 3D anatomic model used for the virtual FFR process, the computational method, and more importantly, the assumptions regarding the physiological conditions of blood flow during hyperemia (ie, related to the response of microvascular resistance), are critical for the accuracy of the flow model and the virtual FFR estimates.
Coronary flow is quite intricate and involves a 3D deformable geometry and flow pulsatility. Complex flow problems are best and fully described by the differential equations of continuity (conservation of mass) and momentum (Navier-Stokes). Computational fluid dynamics techniques, a branch of fluid mechanics, enable the numeric solution of these equations after discretizing the fluid domain of interest with a mesh (separation of the geometry into a large number of smaller but regular finite elements) and defining the appropriate boundary conditions using dedicated software. Although incorporating all the details of coronary flow in the computational fluid dynamics analysis is feasible, that also increases the complexity of the model as well as the time required for the solution. Experience from the application of highly complex computational fluid dynamics models, including transient (pulsatile) flow in the FFR-CT and vFFR-VIRTU methods, has shown that many hours are needed for the analysis. 5, 6 Making some assumptions, such as that of steady instead of transient flow, which are not critical for the average pressure distribution over the cardiac cycle reduce the time needed down to a few minutes. 13 General analytic solutions of the flow domain are also available but are limited by a certain set of assumptions. For instance, the Poiseuille equation is valid for steady fully developed flow of a Newtonian fluid through a straight tube of constant circular cross-section. Despite the oversimplification of such an equation, its adoption for calculating the resistance in coronary stenoses during the FFRangio process presented by Fearon et al 12 and their previous validation study 14 did not seem to influence the accuracy of the results. Similarly, an approximate algebraic method (simple quadratic equation) providing the pressure drop across stenoses based on early experimental work was applied by the quantitative flow ratio approach and has shown good correlation with invasive FFR in the clinical setting. 7 A recent meta-analysis on clinical studies using computed FFR estimates (including FFRangio) showed no differences in sensitivities or specificities between techniques for FFR calculation (computational fluid dynamics versus simple mathematical approach). 15 Hyperemia is a prerequisite for FFR assessment because pressure during the cardiac cycle can serve as a surrogate for flow only if resistance in the coronary (micro)circula-tion is low and constant. However, the response to hyperemia varies greatly between individuals and cannot be described by a monotonic universal relationship compared with baseline conditions. This constitutes the basis of the problem for simulating the in vivo flow environment when applying boundary conditions (distal outlet corresponding to microvascular circulation) in the computational models. Although multiscale modeling incorporating parameters of resistance and impedance is available, the variability in hyperemic blood flow in patients with coronary atherosclerosis cannot be adequately captured. Coronary microvessel resistance has been shown to account for ≈60% of the variability of virtual FFR estimates. 13 A predictable response to adenosine based on population-averaged observations has been used by FFR-CT, 5 whereas vFFR-VIRTU used invasive measurements to fine-tune the parameters of microvascular resistance which were then used both as a generic average or individualized values per patient. 6 In an effort to overcome the barrier of unpredictable patient-specific hyperemic flow, virtual functional assessment index was based on an averaged pressure-drop estimate across the whole range of physiological/hyperemic flows (0-4 mL/sec) observed in human coronaries. 8 Applying patient-specific hyperemic flow by estimating mean flow rate from TIMI (Thrombolysis In Myocardial Infarction) frame count either directly after adenosine infusion or on the basis of a prediction from baseline flow has been proposed by the FFR-quantitative coronary angiography 7 and quantitative flow ratio 9 approaches. The FFRangio model as presented by Fearon et al 12 estimates normal maximal flow from the volume of the 3D coronary tree using allometric scaling laws (formfunction relationships enabling nonlinear proportionality of flow to coronary volume). Then, the computed resistance (see above) is applied in each segment of the coronary tree in analogy to a resistor in an electric circuit. Interestingly, the FFR estimate is not measured as the ratio of distal to proximal pressures (ie, pressurederived estimate of flow reserve) but directly as "the ratio of the maximal flow rate in the stenosed artery compared with the maximal flow in the absence of the stenosis." During this process there seems to be limited user interaction because no decisions are made by the user which could increase the variability of the result. However, more analysis on the flow modeling aspect of FFRangio is not possible because details are sketchy as in most publications with virtual FFR models.
ACCURACY AND APPLICABILITY: PRIME TIME FOR OUTCOME-BASED VALIDATION?
The adoption of virtual FFR will undoubtedly depend on the accuracy and applicability of the tool. Angiography-based FFR estimates have been shown to perform well against invasive FFR as a reference. As discussed above, FFRangio 12 showed very high diagnostic performance, and of note, the diagnostic accuracy against dichotomous FFR categorization remained high (87%) even when only considering invasive FFR values in the critical zone between 0.75 to 0.85 in which FFR reproducibility agreement is also affected. 16 Point-to-point agreement versus FFR (ie, Bland-Altman plot) was similar (mean±SD: −0.01±0.07) to previous studies, and the same stands for the correlation coefficient (r=0.80) which, however, may not be the best metric of accuracy. In this context, we should also not forget the significance of image quality for the accuracy of the 3D anatomy, with suboptimal contrast filling being the most frequent reason for rejecting a case from the analysis in the FFRangio study followed by inappropriate angle difference between views, foreshortening, and movement of the table during acquisition.
Applicability is influenced by how well the patient/ lesion sample included in the studies reflects daily practice. Fearon et al 12 included vessels with diverse severity of lesions (17% bifurcation, 89% class B/C, and 20% with moderate/severe calcification), which was similar to previous large studies (FAVOR II China study: 25% bifurcation, 18% moderate/severe calcification). 10 However, cases with diffuse disease were excluded, and only 17 patients had tandem lesions. Additionally, patients with left main disease, moderate/low ejection fraction (≤45%), and in-stent restenosis were excluded.
Lastly, an optimal tool should be fast and easy to use, and it seems that FFRangio combines these characteristics, although a proper assessment of the total time required including manual correction by the user for online application was not available in this study.
So, could this class of virtual functional tools replace invasive FFR? To date, the results have shown high but not optimal numeric comparisons against the gold standard, and thus there will always be some who will reply negatively to our question on the basis of a small but existent number of false positives and, in particular, false negative cases. However, no metric is probably perfect, and ultimately, success in predicting clinical outcomes is vital. Following the paradigm of invasive FFR itself, which was established as a gold standard after the outcome-based FAME family studies, 2 but also the clinical validation of the instantaneous wave-free ratio with noninferior outcomes compared with FFR in randomized trials despite the variability in agreement in observational studies, 17 angiography-based FFR could move 1 step forward by showing equivalence in the clinical laboratory. Only then could functional angiography find a niche as a combined anatomic and physiological modality in the catheterization laboratory.
